Abstract-This paper presents a CPW-fed UWB band-notched antenna having continuously tunable WiMAX rejection band and fixed WLAN rejection band. As the WLAN frequency band is fixed all over the world, it is made fixed with the use of a newly designed resonator in the radiating patch. As the main problem is that the WiMAX band is different in different countries of the world, between 3 and 4 GHz, it is made continuously tunable by using a novel miniaturized implemented resonator in the partial ground plane with variable capacitors. Altering the values of these capacitors tunes the 3-4 GHz rejection band continuously.
INTRODUCTION
Researchers have taken a keen interest in the UWB technology due to increase speed demand for wireless communication devices. The UWB frequency range is tightly allocated from 3.1 to 10.6 GHz according to FCC rules. High data rate, immune to multipath fading, and low power consumption are some of the advantages of UWB communication [1] .
As UWB communication falls within the 3.1 to 10.6 GHz frequency band, within this range there also exist some narrow frequency bands such as WiMAX and WLAN frequency bands. As WLAN frequency range is fixed from 5-6 GHz all over the world while the WiMAX band varies from country to country, ranging from 3 to 4 GHz, we need an antenna that has the capability to operate in the UWB frequency range but continuously tunable in the WiMAX frequency range of 3-4 GHz and having fixed WLAN rejection band in WLAN frequency band. This antenna will help to minimize the jamming effect on UWB communication by filtering these narrow frequency bands, accordingly.
Typically, the signal having interference fluctuates with the spatiotemporal setup of the environment. So, in terms of the rejected or notched bands, the tuneability is one of the important characteristics that must be introduced in order to completely reduce this unwanted interference. As the bias voltage of the varactor diode can be changed by changing the capacitance, which provides the tunability of the rejected bands, generally, some sort of resonators or matching network is loaded with varactor diodes to tune the rejected band, continuously [2, 3] . However, this technique requires much more space on the circuit so as to decrease the possibility of multi-rejection bands. This makes the technique limited to single band-notched antennas.
Also, different tunable antennas having filtering capabilities are also proposed in [4] [5] [6] [7] [8] [9] [10] . The tuning is performed using the microelectromechanical switches (MEMS), PIN diodes, stepper motors, shorting circuits, and optically controlled switches. As they have used switches in the design, they simply need to be swapped between their ON and OFF statuses. Most recently, a continuously tunable band-notched UWB antenna that has the capability to notch the WiMAX and WLAN bands has been proposed in [11] . They introduce the lumped elements within the structure of the antenna to control the notch bands by controlling the value of the lumped elements. By changing the capacitor value, the WLAN frequency band can be adjusted properly having fixed WiMAX frequency band. Also, when the value of the capacitor increases, then the performance of filtering degrades continuously in the WLAN frequency range.
Also, the demand for fixed frequency band antennas has been decreasing because of the lack of flexibility to accommodate new services. In this regard, researchers have tried to integrate multiple wireless standards in a single platform by designing reconfigurable antennas [12] . Similarly, a frequency tunable antenna to generate two frequency bands for WiMAX operation is presented in [13] . The antenna operates in fixed 2.4 GHz frequency band with continuously tunable operating band within 3.3-3.8 GHz.
Recently, a novel tunable monopole antenna with a switchable integrated feed network for UWB and WLAN (2.4 GHz and 5.8 GHz) has been proposed in [14] . The frequency reconfiguration is realized by integrating two bandpass filters with a UWB antenna circuit. Ref. [15] proposed a novel reconfigurable monopole switchable antenna for UWB/WLAN having filtering characteristics by utilizing three switchable states. The antenna operates in three states with three independent ports for UWB, WLAN (2.4 GHz), and WLAN (5.8 GHz) frequency bands. The first narrowband (2.4 GHz) is produced by using a microstrip filter of first order with a open loop resonator (OLR), and the second narrowband (5.8 GHz) is generated by including hairpin bandpass filter of third order in RF path. The reconfiguration is performed using dc-controlled PIN diodes, and the overall dimensions of the antenna are 38 × 40 mm 2 .
In this paper, we propose a CPW-fed UWB antenna that has fixed WLAN band and continuously tunable WiMAX notched-frequency band. The WiMAX band can be easily tuned properly in 3-4 GHz frequency range depending on the location and application requirements. Also, the implemented resonator has occupied a very small size as compared to other reported designed resonators. Moreover, the proposed antenna has a very clean radiation pattern in both E-and H-planes due to the placement of resonator in the ground plane.
THE GEOMETRY OF THE PROPOSED ANTENNA
The proposed antenna is designed, and the dimensions of the proposed antenna are shown in Figure 1 . The proposed antenna is also fabricated, and the fabricated monograph is shown in Figure 2 . The dimensions of the proposed antenna are also shown in Table 1 . The antenna is designed on a Rogers RO4003 substrate with a thickness of 1.5 mm and relative dielectric constant of ε r = 3.38, which has a dimension of 30 × 31 mm 2 (i.e., w 1 × l 1 ). For WLAN band-notching the resonator is introduced in radiating element and is fixed, while for WiMAX band notching the resonator is introduced at the partial ground plane with two variable symmetrical capacitors. The capacitors are responsible for continuous tuning in 3-4 GHz frequency range.
For the initial choice of the resonator placed at the radiating patch, the design equation implemented at a desired notched band frequency f notch (5.5 GHz) can be calculated as:
where,
For the initial choice of the resonator placed at the partial ground plane for rejecting the WiMAX frequency band it is also selected and optimized using the quarter wavelength for 3.9 GHz. Two symmetrical capacitors are placed between the resonator sections in order to achieve reconfigurability within 3-4 GHz. When there are no capacitors, and the designed resonator sections are connected, the antenna operates at the designed resonance frequency of 3.9 GHz. As the capacitors are placed between the corresponding resonator sections, it is clear from Figure 3 that at a very small capacitor value the notched band is shifting towards 3 GHz while for 0.5 pF capacitor, the notch frequency is shifted to 2.5 GHz frequency band. 
SIMULATION
The antenna has been simulated in Ansoft HFSS, and the corresponding S-parameters are obtained at a different value of capacitors. It is clear from Figure 3 that antenna rejects the WLAN and WiMAX frequency bands with fixed WLAN notched band and tunable WiMAX notched band. Also, it can be seen from Figure 3 that increasing the capacitor value from 0.02 pF to 0.1 pF shifts the notch band from 4 to 3.2 GHz. Compared to [9] the tuning shift is very large and can be tuned to a wide range of frequency band. It is also advantageous that we can shift the rejection band to 2-3 GHz just by increasing the capacitor value to 0.5 pF as shown in Figures 8 and 9 .
The VSWR plot of the proposed antenna at different values of the capacitors is also shown in Figure 4 . It validates that the antenna has the capability of rejecting fixed WLAN frequency band and continuously tunable rejection band within the frequency range of 3-4 GHz just by changing the capacitor value from 0.02 pF to 0.1 pF. The Real and Imaginary [Z11] vs. frequency plots are also shown in Figure 5 and Figure 6 , respectively. It has been seen that the antenna input impedance at the filtering bands becomes maximum while its input reactance almost vanishes. By changing the capacitor values from 0.02 pF to 0.1 pF the notched band at WiMAX range is shifted to lower frequencies while the WLAN notched bands is fixed at all values. These properties also confirm the continuous tuning of WiMAX notched bands in the UWB frequency range.
The antenna WiMAX tuning can be furthermore visualized from the antenna gain vs. frequency plot as shown in Figure 7 . The gain plot reveals that antenna gain suppression is shifted from 4 to 3 GHz as the value of the capacitor is increased. It also shows that when capacitor value further increases up to 0.5 pF, the suppression effect is shifted to 2-3 GHz frequency range. The reason for the suppression is that at these frequencies the destructive interference takes place, thus validating the filtering effect.
The radiation patterns of the proposed antenna at different frequencies including 3.2, 4.1, 7.2 and 9.5 GHz are shown in Figure 8 . These frequencies almost cover the lower, middle and higher frequency ranges of the UWB band. Because of symmetry and flatness, clean radiation patterns are obtained for the four different frequency bands that display a monopole type of radiation at selected frequencies. 
MEASUREMENTS
The simulations and measurement are accomplished by Ansoft T M HFSS and Keysight T M N5224A network analyzer, respectively. Figure 9 and Figure 10 show the measured vs. simulated frequency responses of the proposed antenna at 0.1 pF and 0.5 pF, respectively. The combined plot of the simulated and measured responses is shown in Figure 11 , which indicates that we can shift the notched band from 2 to 4 GHz just by changing the capacitor value from 0.5 pF to 0.1 pF. As can be seen from the plot, at a higher value of the capacitor such as 0.5 pF the measurement response degrades because of parasitic effects. However, the proposed technique is widely valid for the continues tuning of the antenna within 3-4 GHz. The measurement at 0.5 pF is done to show that the notch band still exists, but shifted to lower frequencies. The aim of the proposed antenna is to continuously tune the reject band within 3-4 GHz frequency band.
It is also observed that the notched band happens at the band rejection between 2 and 3 GHz frequency range at 0.5 pF, which validates that a shift in the frequency tuning of the lower notch band is maximum as compared to other state of the art designs in the literature [7] [8] [9] [10] [11] . The empirical formula for the notched bands can thus be calculated by Equation (3):
As can be seen, increasing the length of the slot resonator shifts the notch bands towards the lower frequency, so as the capacitor value. Because when the value of the capacitor increases it in turn increases the effective permittivity which in turn shifts the notched bands towards the lower frequency range. 
CONCLUSION
A CPW-fed UWB antenna having fixed WLAN rejection band and continuously tunable WiMAX notched band has been presented. The continuous tuning of the notched band is achieved with the help of a novel miniaturized resonator and capacitors placed at the ground plane. The notched band successfully resonates between the 3-4 GHz frequency band and can be used location and application wise. This antenna will pave the way to be used for UWB wireless communication applications irrespective of location and without any jamming effect.
